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sponsible for many harmful side effects. Also, the par-
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Recent discovery of type II fatty acid synthase in the
alarial parasite Plasmodium falciparum responsible

or the most debilitating form of the disease in humans
akes it ideal as a target for the development of novel

ntimalarials. Also, the identification of the enoyl-acyl
arrier protein reductase from P. falciparum and the
emonstration of its inhibition by triclosan [5-chloro-
-(2,4-dichlorophenoxy)phenol], a potent antibacterial
ompound, provide strong support for the above. In
he studies reported here, a model of the enzyme in
omplex with triclosan and the cofactor NAD has been
uilt by homology modeling with a view to understand
ts binding properties and to explore the potential of
riclosan as a lead compound in designing effective
ntimalarial drugs. The model indeed provided the
tructural rationale for its interaction with ligands
nd the cofactor and revealed unique characteristics
f its binding site which could be exploited for improv-
ng the specificity of the inhibitors. © 2001 Academic Press

Key Words: enoyl-ACP reductase; FabI; Plasmodium
alciparum; molecular model; triclosan; NAD binding.

Despite enormous efforts, malaria remains one of the
ost devastating of the diseases of the tropics, ac-

ounting for over 500 afflictions from which 2.5 million
eaths occur annually (1). The disease also exacts enor-
ous toll in terms of the lost manpower and medical

xpenses. The most severe form of the disease is caused
y Plasmodium falciparum (2). Many different drugs
ave been used for treating malaria including quinine,
tabrine, chloroquine, mefloquine, and primaquine (3).
he drugs work in the patient by killing the parasite at
arious stages of its life cycle. Moreover, the currently
sed drugs either act by poorly understood mechanism
r act on targets that overlap with the biochemical
achinery of the host (3–5). They, therefore, are re-
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site resistance to these drugs is occurring at an alarm-
ng rate (6, 7). Evolution of resistance to the common
ntimalarial drugs makes drug development for treat-
ng malaria a significant scientific challenge. In view of
ll the above, fresh avenues for treating malarial in-
ections are tremendous.

Of the numerous interventional strategies, one ap-
roach is to target the parasite’s unique metabolic ma-
hinery. Recently, we demonstrated that P. falciparum
ontains type II fatty acid synthase (FAS), wherein
ach of the steps of fatty acid synthesis are catalyzed
y independent enzymes (8–10). In contrast, the hu-
an host utilizes type I FAS in which each of the

eaction of fatty acid synthesis are carried out by indi-
idual domains that are part of the very huge multi-
unctional proteins (8, 11). This fundamental differ-
nce in the organization of the de novo fatty acid
ynthesis system between the malarial parasite and its
uman host can be taken advantage of for the devel-
pment of novel antimalarial agents (8). Indeed inter-
uption of the operation of the de novo fatty acid syn-
hesis pathway of the parasite by triclosan (Fig. 1), a
ydroxydiphenyl ether class of biocide used widely in
uman consumer products, compromised parasite
rowth completely (8, 12). Both the chloroquine sensi-
ive and resistant strains were highly susceptible to
he inhibitory effect of triclosan (8). More so, the bio-
ide was able to rescue malaria afflicted mice from
ertain death as well as prolong their survival for a
umber of weeks (8).
Enoyl-acyl carrier protein reductase (FabI) carries

ut the stereospecific reduction of a,b-unsaturated
ouble bonds of the fatty acids bound to the acyl carrier
rotein in an NADH or NADPH dependent reaction.
ike its bacterial counterparts, triclosan was shown to

nhibit FabI, a key enzyme of FAS II, by directly bind-
ng to the enzyme and promoting the interaction with
he oxidized co-factor, NAD, thus bringing the fatty
cid synthesis and cell growth to a complete stop (8,
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3–15). Also unlike other organisms, including plants,
lasmodium was shown to rely on NADH rather than
ADPH as the preferred co-factor for both fatty acid

ynthesis as well as the reaction catalyzed by FabI
16–18).

The gene for FabI was identified from an unanno-
ated and unfinished sequence deposited in the Plas-
odium database released by the Sanger Center as
ell as sequenced in our laboratory (8, 19). Certain
nique features of the plasmodium FabI sequence vis a
is its counterpart in other organisms were also re-
orted. To aid in the rational design of drugs based on
ydroxydiphenyl ether nucleus and to find the molec-
lar basis for the binding of triclosan and the cofactor
AD, we built a model of the enoyl-ACP reductase of
lasmodium falciparum by homology modeling and
tudied the enzyme–ligand interactions. The model
learly explains the observed affinities of the enzyme
oward the inhibitors and the cofactor and also reveals
ertain unique structural features of the ligand bind-

FIG. 1. Chemical structures of triclosan and 2,29-
ihydroxydiphenylether which are shown to inhibit the growth of
lasmodium falciparum in culture with IC50 values of 0.7 and 1 mM,
espectively.
225
imalarial drugs.

ETHODS

The coordinates of the enoyl-ACP reductase from Brassica napus
n complex with NAD and triclosan (20) have been obtained from the
rotein data bank (code: 1D7O). There is 55% sequence identity and
1% homology between the two enzymes in the region where the
rystal structure of the B. napus enzyme is available. Structure of
he Brassica enzyme is available from the 83rd residue. The plas-
odium enzyme has 86 residues corresponding to these 82 residues
ithout any sequence homology. Only these two enzymes seem to be
aving this N-terminal extra region. Plasmodial enzyme also has an
dditional long stretch of 43 residues (starting from residue 330)
hich is unique to this enzyme. Except for this region and a few
ifferences at the termini, the two sequences align very well without
ny insertions or deletions (an alignment of a few enoyl-ACP reduc-
ases was given in Ref. 8). The model for the Plasmodium enzyme
as built (Fig. 2) using the program SYBYL version 6.6 on an O2
ork station (Silicon Graphics, U.S.A.) using the COMPOSER mod-
le. Energy minimization was carried out using Powell minimization
21) in which gradient descent minimization is used for convergence.

ESULTS AND DISCUSSION

onservation of the Crucial Residues

Examination of the triclosan binding region re-
ealed that the key residues Y282, M286, and F373
numbering as in P. falciparum sequence) that inter-
ct directly with triclosan in both B. napus and Esch-
richia coli enzymes are conserved in plasmodial
nzyme as well (Fig. 3). Also conserved is the residue
ys290 implicated in the catalytic mechanism of the
nzyme along with the residue Tyr282 (20, 22–24). In
ddition, all the atoms within 5 Å of triclosan are
xactly identical in both the enzymes. However, the
ccurrence of a mutation of a mostly conserved me-
hionine residue in the vicinity (;5.3 Å) of triclosan
o an alanine (377) in P. falciparum can be effectively
ade use of to design specific drugs for malaria. This

s a potential site which can be exploited for intro-
ucing larger substitutions and/or incorporating ad-
itional groups at the C2 position of triclosan in
ttempting to design specific inhibitors targeted to
he malarial enzyme. The residue (218) correspond-
ng to Ala138 of the B. napus enzyme is conserved in
. falciparum (Fig. 3) but is replaced by a glycine,

ocated on a loop which is 2 residues shorter than the
ther two in the E. coli enzyme. This residue inter-
cts directly with triclosan and a mutation of glycine
o valine in the E. coli enzyme was shown to weaken
he binding of triclosan (23). The model of the Plas-
odium enzyme suggests that this residue is critical

or triclosan binding to the malarial enzyme, since
eplacing Ala with Gly or Val will reduce the affinity
or triclosan binding because of the loss of interac-
ions with Cb in the case of Ala3Gly substitution
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nd due to steric clashes in the case of Ala3Val
ubstitution.
The major difference in the crystal structures of the

omplexes of the enzyme with triclosan and NAD in B.
apus and E. coli is the conformational change (20) of
loop preceding the conserved residue F373. This is

he exact location of the insertion of 43 residues in the
lasmodial enzyme. Since the loop is already known to
e flexible, the longer loop of the P. falciparum enzyme
an be accommodated at this position without causing
ny change in the rest of the structure.

easons for the Preferred Affinities of the Ligands

We have also examined the possible binding of NAD
nd NADP to the plasmodial enzyme. The only differ-
nce in the residues that interact with NAD has been
ound to be the change from Gly in B. napus to Val134
n Plasmodium (Fig. 4). This prevents/reduces the
inding of NADP to the plasmodial enzyme because of
he steric clash between the side chain of the valine
nd the phosphate group of NADP. This explains the
igher affinity of the enzyme to NAD than to NADP (8).
hlorine substitution at C9 position of triclosan makes

FIG. 2. Model of the P. falciparum enoyl-ACP reductase shown w
s shown as a dashed line.
226
avorable interactions with NAD and the protein (14
nteractions with NAD and 5 with the protein within 5
) and replacing it with an OH group will make the
inding weaker. Loss of these favorable contacts is one
f the reasons why 2,29-dihydroxydiphenyl ether (Fig.
) does not bind as strongly as triclosan to the plasmo-
ial enzyme compared to the FabI from E. coli. The
ther reason for the very poor interaction of 2,29-
ydroxydiphenyl ether to the plasmodial FabI is the

oss of chlorine substitution at C11 which has 17 favor-
ble interactions with the protein atoms.
The affinity for triclosan in the case of the E. coli

nzyme is twice that for 2,29-dihydroxydiphenyl
ther (14) whereas it increases 1000-fold in the case
f P. falciparum enzyme (8). This could arise as a
onsequence of slightly different conformations of
riclosan in the two complexes. The 2,4-dichloro-
henoxy ring of triclosan turns by 16° in the B. napus
omplex compared to that in E. coli (23, 24) the
eason being the difference in the structures at
la218 (Ala138 in B. napus and Gly93 in E. coli).
his conformational difference leads to differences in
he interactions involving the chlorine atom substi-

triclosan (black) and NAD (light gray). Location of the long insertion
ith
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uted at C9 in triclosan in the crystal structures of
he two complexes. Most of the van der Waals inter-
ctions less than 3.6 Å between the chlorine atom
nd the protein (Ala196 O, Gly93 O) and between

FIG. 3. Triclosan binding region in the model of P. falciparum
noyl-ACP reductase. Met250 of the B. napus enzyme is replaced by
n alanine (A377) in the plasmodial enzyme.

FIG. 4. Residues of the NAD (black) binding site of P. falciparu
odeled phosphate group prevents the binding of NADP to the enzy
227
icotinamide ribose; and the phosphate oxygen atom,
O5, attached to the nicotinamide ribose) are re-

ained even if this chlorine is replaced by an OH
roup in the E. coli enzyme. In the Plasmodium
nzyme complex built based on the crystal structure
f B. napus, the contacts between chlorine are differ-
nt (to AC5 of adenosine ribose; to the phosphate
xygen atom, NO5, attached to the nicotinamide ri-
ose; and to the oxygen atom, O3, between the phos-
hate groups) which are lost when an OH group
akes the position of CI16 thus resulting in a much
igher preference for triclosan in this case compared
o the E. coli enzyme.

ONCLUSIONS

By way of building a model of the enoyl-ACP reduc-
ase of P. falciparum, we have found reasons for the
inding of triclosan to the enzyme and also the pre-
erred affinity of the enzyme toward NAD compared to
ADP. The present analysis has provided not only

xplanations for the observed binding properties of the
nzyme at the atomic level but also a platform for
eveloping antimalarials by a rational approach.

enoyl-ACP reductase model. Steric interference of Val134 with the
.
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